In this report results are given of an analytical study on the applicability to a boiling sodium system of existing physical-mathematical formulations for the performance characteristics of a boiling water system under steady or transient conditions. Furthermore, the effect of liquid superheat on the calculated performance characteristics has been evaluated. It is sho~m that the application of theoretical models developed for water systems to liquid metal systems does not lead to difficulties but that the effect of liquid superheat should be taken into account in case appreciable superheats are found to occur.
I. INTRODUCTION
In the Technological Laboratory of Reactor Centrum Nederland at Petten a research programme has been started to investigate the behaviour of sodium under accident conditions. For this purpose a 350 kW experimental liquid sodium loop is under construction.
The experimental programme is to be hacked up by theoretical studies. The first step has been to determine if the models used for describing the dynamics of boiling water systems can be applied in the case of boiling sodium, bearing in mind the large difference in the physical properties of the two liquids. It is also of interest to know if liquid superheat will affect the dynamic behaviour of the sod~ium system to any great extent. The same geometry has been adopted for the boiling sodium system as was used for the boiling water system at the Technological University at Eindhoven, thereby facilitating comparison of results. In the analysis attention is given to the dynamic characteristics of sodium systems with natural as well as forced circulation.
THEORY
Many physical -mathematical formulations have been reported in literature attempting to describe and to calculate the performance characteristics of a two-phase flow system under stationary or transient conditions or to analyze particular phenomena observed such as, for instance, the occurrence of severe hydraulic oscillations. In the past few years a new approach to these problems has been developed in the Laboratory for Heat Transfer and Reactor Engineering of the Technological University of Eindhoven. This theory was recently described by Spigi [1] and has been used for the present study.
The approach starts by formulating the four basic equations of motion for the two-phase flow. These equations are formed by the laws of the conservation of mass, momentum and energy of the mixture and an equation for the number density distribution of bubbles describing the transport of steam in the liquid phase. The number density distribution of bobbles is governed by the process of bobble formation and diffusion, demixing effects near the wall, convection of bubbles, interaction effects between adjacent bobbles, and growth of the bubbles in the mixture. These four basic equations have been formulated for a coolant channel of concentric annular shape as afunction of the three independent variables, i.e. the time, t, the coordinate along the coolant channel, z, and the radial coordinate, r. To these four equations, the equations of state have been added. They are expressions for the physical quantities of the fluid as a function of the local temperatures. The quantities of importance are the density of the vapour and liquid phases, the specific heat, the heat of evaporation and the change in pressure with temperature under saturated conditions. In the approach under discussion these physical quantities vary along the coolant channel so any pressure and temperature effects along the coolant channel and compressibility effects are taken into account.
For design calculations the basic equations have been integrated with respect to r between the limits of the inner and outer radius of the annular coolant channel. It was shown by Spigt [1] that this integration can be performed by introducing empirical or theoretical correlations taking into account the radial variations of the flow quantities. The three most important correlations are those (a) for the slip ratio, (b) for the two-phase friction force and (c) for the heat division parameter K which denotes the fraction of the local heat input that is supplied to the steam phase. Besides, other correlations are needed for an accurate evaluation of the performance characteristics of a boiler. K has to be defined along the length of the coolant channel. By means of K any superheating in the bulk boiling region or any subcooled boiling can be introduced.
The assumption normally made that the subcooled region is not at thermodynamic equilibrium and that the bulk boiling region is in complete thermodynamic equilibrium has been abandoned in this study. This assumption appears to have been made fairly arbitrarily. The main advantage of the proposed choice for the parameter is that only a single set of equations is used for the entire channel and that the approach can be used for any two-phase flow system.
In the study special attention was given to the formulation of the boundary conditions for the boiling channel and thus to the describing equations, which introduce the characteristics of the other parts of the system, e.g. the condensor, downcomer, pump, etc. A detailed formulation of the boundary conditions was obtained by setting up the conservation laws for the external parts of the test circuit.
For studying the dynamic behaviour of a twophase flow system the describing equations have been made dimensionless. This procedure holds certain advantages, such as a more readily apparent comparison between various operating conditions, geometries and working fluids. After that the equations have been linearised with respect to small deviations from the steady state. Then a study is made of the response to a sinusoidal modulation in the controlling variables, e.g. heat input, heat removal or mass flow. In this way transfer functions may be obtained from these variables to dependent variables such as mass flow, void fraction, etc. It should be noted that the equations describing the steady-state performance characteristics are not linearised. The system of equations is integrated numerically with respect to z and has been programmed for a digital computer as described by Van der Walle [2] . The correlation functions are introduced in the programme in the form of sub-routines, which result in a large flexibility.
STABILITY CRITERIA
As no geometrical data of existing sodium systems were easily available the calculations were performed for the geometry of the boiling water loop of the Technological University of Eindhoven. This makes it also possible to compare the results with those already obtained for boiling water in the same system. While, up till now, these results were only available for naturally circulating conditions, the calculations have been performed without considering the characteristics of any pump. A flow sheet of the system is given in fig. 1 . The main part consists of a pressure vessel with a diameter of 150 mm and a length of about 3 m, an internal shroud with a diameter of 50 mm and a length of 2.7 m and, in the center, an electrically heated stainless steel tube with a diameter of 33.84 mm and a length of 2.4 m. By the heat transferred to the liquid natural convection occurs, in upward direction in the shroud, and downwards in the vessel. Before entering the shroud the liquid passes through a subcooler.
The hydraulic instabilities that are of interest here are those that are typical for a natural circulation system. In a forced circulation boiler with very steep head-flow characteristics of the pump, no hydraulic instabilities, such as considered here, have been found. This suggests considering a forced circulation boiler, as shown in figs. 2 and 3. A pump is present in the downcomer, which pump generates a pressure rise, corresponding with a rise in saturation temperature AT s. The pump measures the fluctuations in mass flow V1, i and translates these variations into a rise in saturation temperature of ATs,i.
The index i denotes variations from the steadystate. Now it is assumed that the system is brought into excitation by controlling the pump with a sinusoidal signal corresponding to a desired fluctuation in mass flow V 1 i" The magnitude of ATs, i (see fig. 3 ) is dependent upon the difference between V1, i and l~l, i. The dependence may be simply expressed by: where Hp is a measure of the pump characteristics. The larger Hp becomes, the higher is the pressure rise upon a certain change in mass flow. Actually, Hp is a transfer function and thus a complex quantity. The following transfer functions for the open-loop without a pump and with a cut, as indicated by the broken line in fig. 3 , are defined as:
G2 ~(Ts,i)in~Up=O
Here G 1 and G 2 determine the change in saturation temperature (pressure) and mass flow rate at the outlet of the downcomer upon a variation in saturation temperature (pressure) at the inlet of the heated channel.
The transfer function for the closed-loop from imposed modulation in mass flow to the saturation temperature at the inlet of the channel can then be written as: It appears to be advantageous, therefore, to calculate the open loop transfer functions G 1 and G 2 and see whether the modulus of G 1 approaches a condition of +1, and at the same time whether the phase angle has reached a value of about 0 ° or 360 ° or whether the modulus of G 2 has become sufficiently small.
The calculated steady-state characteristics and the threshold channel powers for the onset of flow oscillations in the boiling water system, calculated by means of G1 and G2, compared quite well with experimentally determined values, see Spigi [1] . Furthermore, it was shown that in a boiling water system three different types of flow oscillations may occur, with frequencies of roughly 0.03, 1 and 15 cps.
DESCRIPTION OF THE CONDITIONS
The most important geometrical and hydrodynamic data of the boiling loop are given in table 1. The calculations have been performed at three pressures, 1, 8.7 and 16.4 atm, with no subcooling at the inlet. The physical constants for boiling sodium were derived from Spiller [3] . The data used are given in table 2.
As no correlation for the slip ratio and two phase friction were available for boiling sodium, the correlations for boiling water at the same system pressure were used. For the slip ratio the correlation of Zuber and Findlay [4] , based on experimental data of the Technological University of Eindhoven, have been applied. The correlation of Martinelli-Nelson as formulated by Jones [5] , has been used for the calculation of the two phase friction losses.
It is known from experimental data that appreciable superheats of the liquid phase can occur in boiling sodium. As already mentioned in the theory it is possible to simulate this phenomenon by the choice of K. This can easily be done by varying a constant F1, the superheat parameter, in the correlation for K. The influence of the amount of superheat on the results has been calculated at a system pressure of 16.4 atm. At this pressure the superheat parameter F 1 has been varied from 500 to 50 which corresponds with a variation in the superheat at the exit of the channel of 2 to 15°C. In all the other calculations F 1 was 500.
The steady-state results have been calculated as a function of channel power. In the following results of the calculations of the recirculation rate, the void fraction and the temperatures of the liquid and vapour phase along the channel are given.
The harmonic analysis has been carried out for a limited number of channel powers in the frequency range of 0.03 to 17 cps. Results are Table 2 Physical constants for sodium [3] . given of the calculation of G 1 and G 2 and the closed loop transfer function from channel power to the liquid velocity at the inlet. From these calculations the instability threshold channel power and the frequency of the resulting flow oscillations are deduced.
RESULTS

Results of/he s/eady-state calculations
The calculated recirculation rate Vci (i.e. the liquid velocity V at the channel inlet) in meters per second and the calculated void fraction at the decreasing slope of the void fraction versus power curves with increasing channel power. An increase in system pressure results in a decrease in void fraction, which is largely due to the increase in specific density with pressure. This decrease in void fraction results in a decrease in the driving head and corresponds, therefore, to an increasing circulation rate with a decrease in system pressure. For comparison some results for the boiling water system are also given. Owing to the lower value of the heat of evaporation for water, the void fraction for the boiling water system is higher and the recirculation rate lower than for the boiling sodium system. In fig. 6 the dist:cibution along the channel of the void fraction a, the liquid temperature T 1 and the saturation temperature Tsa t are given for a system pressure of 16.4 atm, a channel power of 110 kW and two values of the superheat parameter F 1. As is shown, the liquid superheat changes from 1.8 to 14.4°C for a change in F 1 from 500 to 50. At F 1 = 50 there is more heat stored in the sodium than at F 1 = 500, which results in lower values of the void fraction for a lower F 1. The variation in pressure (saturation temperature) along the channel is, practically spoken, independent of the liquid superheat.
In fig. 7 finally, the influence is shown of F 1 on the recirculatio;a rate and on the exit void fraction versus ch~mnel power curves. The increase in void fraction with decreasing liquid superheat corresponds with the decrease in recirculation, as was the case with the influence of system pressure (see figs. 4 and 5).
Results of/he stability calculations
The open loop transfer functions G 1 and G 2 (i.e. the phase angle and the modulus) as well as the transfer function for the closed loop from the channel power to the recirculation rate have been calculated for the three system pressures mentioned before and a number of channel powers. The results for a system pressure of 16.4 atm are presented in figs. 8-11.
In figs. 8 and 9 the open and closed loop characteristics have been plotted for a frequency range of 0.3 to 2 cps for different channel powers. In the upper parts of the diagrams the modulus has been plotted and in the lower parts the phase shift of the responding signal with respect to the oscillation of the excitation. In the plot of the open loop characteristics, G1, it is shown that an unstable condition is passed when progressing from 130 to 135 kW channel power. At 130 kW the modulus of G 1 becomes larger than unity but the phase angle does not approach the value of 0 ° or 360 °. At 135 kW the modulus of G 1 is larger than unity and the phase angle becomes zero at a frequency of 1.32 cps, which indicates that the system is unstable.
Here it should be pointed out that conditions 
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of G 1 in which the argument is zero but the modulus is in excess of unity are not unstable in the linearised approximations. However, these conditions are generally termed "conditionally stable" conditions in control theory, as large amplitude fluctuations tend to decrease effectively the modulus with only small changes in the phase angle because of non-linear saturation effects. In practice these conditions are therefore only stable for very small oscillations and tend to develop self-sustained finite amplitude oscillations. Furthermore, by calculating the conditions between 130 and 135 kW channel power a condition will be found where the condition G 1 = 1 is exactly fulfilled.
The closed loop response of the natural circulation loop to a modulation of the channel power is shown in fig. 9 . Vertically the fluctuation in inlet velocity per kW power modulation is plotted. A comparison between the open and closed loop results shows a strongly peaked behaviour in Vci at the frequency at which the phase angle for G 1 passes 0 °. Also in the closed loop, a condition will be found corresponding to G 1 = 1 where the amplitude ratio becomes infinite. Also for the other system pressures the instability threshold was clearly indicated by the transition of the phase angle curve of G 1 at a certain channel power from a closed curve to an open one. The natural circulation threshold data are summarised in fig. 10 . For comparison the data for boiling water are also given. The general behaviour for the boiling sodium system is roughly the same as for the boiling water system. The resonance frequency is appreciably higher than in the case of water, i.e. around 1.4 cps instead of around 1.0 cps. This is probably due to the lower vapour density of sodium. Furthermore, the resonance frequency shifts appreciably with system pressure whereas in boiling water this frequency change is much less pronounced. Finally, in the boiling sodium case a pronounced minimum in the resonance frequency exists whereas in the boiling water case this minimum is much less pronounced.
In fig. 11 the modulus of the open loop transfer function G 2 is presented for the frequency range from 2 to 17 cps and a system pressure of 16.4 atm. The modulus of the transfer function G 2 shows a sharp dip at the higher frequencies. This indicates the approach to a forced circulation instability at a frequency of about 15 cps and at an appreciably higher channel power than corresponds to the hydraulic instability of the natural circulation system. The minimum values attained for G 2 are 3.12, 1.56 and 0.40 for a channel power of 135, 150 and 175 kW, respectively. As the forced circulation loop becomes unstable for G 2 = 0 (see section 3), it is evident that the instability is attained at a channel power slightly above 175 kW. The curves for G 1 in this frequency range ( fig. 12) show that the natural circulation loop exhibits also a tendency to instability although at a somewhat lower frequency. The nature of this instability is, however, undoubtedly of the same origin as that of the forced circulation loop. In [1] it is shown that this instability is characterised by a standing wave oscillation with zero velocity fluctuation at the inlet.
The influence of the liquid superheat on the instability threshold for a natural circulation boiling sodium system has been evaluated at a system pressure of 16.4 atm. The results of these calculations are summarised in fig. 13 . Horizontally the superheat parameter F 1 has been plotted. Vertically the corresponding liquid superheat AT, the instability threshold channel power Qinst and the resonance frequency finst have been plotted. As can be concluded from this figure the channel power for instability decreases with an increase in liquid superheat, although the total void volume present in the channel decreases (see figs. 6 and 7). Furthermore, there is an appreciable effect of liquid superheat on the resonance frequency. When the density of the fluid in the channel decreases, there will be a decrease in the resonance frequency. This is in agreement with the results of experiments carried out in boiling water tests, see Spigt [1] . It is evident that the phenomenon of liquid superheat should be taken into account in a stability analysis in case appreciable superheats are found to occur.
CONCLUDING REMARKS
The present study seems to indicate that the relatively large differences in physical properties between liquid sodium and water do not lead to difficulties in applying the theoretical models that have been developed for water systems to liquid sodium. Experimental verification of the predicted results is, however, required.
In boiling sodium systems the same type of hydraulic instabilities are found as in boiling water systems, although the power at which the loop becomes unstable is lower in the case of liquid sodium and the resonance frequency higher.
As could be expected, the influence of liquid superheat on the dynamic behaviour of the loop is rather large. This should be well kept in mind in predicting loop behaviour under transient conditions.
